Antibiotic resistance is an increasingly serious public health threat 1 . Understanding pathways allowing bacteria to survive antibiotic stress may unveil new therapeutic targets [2] [3] [4] [5] [6] [7] [8] . We explore the role of the bacterial epigenome in antibiotic stress survival using classical genetic tools and single-molecule real-time sequencing to characterize genomic methylation kinetics. We find that Escherichia coli survival under antibiotic pressure is severely compromised without adenine methylation at GATC sites. Although the adenine methylome remains stable during drug stress, without GATC methylation, methyl-dependent mismatch repair (MMR) is deleterious and, fueled by the drug-induced error-prone polymerase Pol IV, overwhelms cells with toxic DNA breaks. In multiple E. coli strains, including pathogenic and drug-resistant clinical isolates, DNA adenine methyltransferase deficiency potentiates antibiotics from the b-lactam and quinolone classes. This work indicates that the GATC methylome provides structural support for bacterial survival during antibiotic stress and suggests targeting bacterial DNA methylation as a viable approach to enhancing antibiotic activity.
Bacteria exposed to antibiotics mount complex stress responses that promote survival [9] [10] [11] [12] [13] [14] , and accumulating evidence suggests that inhibiting such responses potentiates antimicrobial activity in organisms sensitive, tolerant and resistant to drugs 2, 3, 5, 8, [15] [16] [17] [18] . In both prokaryotes and eukaryotes, genetic pathways underlying responses to environmental insults have been widely studied and involve some of the most phylogenetically conserved proteins known 19 . In eukaryotes, stress can also elicit epigenetic modification of histones and DNA that support long-lasting downstream responses [20] [21] [22] [23] . The role of prokaryotic epigenomes in stress, however, is much less clear.
Bacteria lack histones but harbor a diverse group of enzymes able to insert epigenetic modifications in the form of sequence-specific methylation of DNA bases 24 . Prokaryotic DNA methyltransferases (MTases) function either alone or as part of restriction modification systems, participating in various cellular processes including antiviral defense, cell cycle regulation, DNA replication and repair, and transcriptional modulation [24] [25] [26] . Although several methylation-dependent epigenetic switches have been described [27] [28] [29] [30] [31] [32] , genome-wide methylation patterns and kinetics have, until recently, been difficult or impossible to study in a high-throughput manner [33] [34] [35] [36] . In this study, we use genetic and genomic tools to explore the function and behavior of the bacterial methylome during antibiotic stress.
To assess the role of DNA methylation in antibiotic stress survival, we first tested the ability of E. coli lacking different MTases to withstand sublethal doses of β-lactam antibiotics. Laboratory E. coli K12 possesses four functional MTases that methylate adenines or cytosines in distinct target sequences 24, [36] [37] [38] [39] [40] (Fig. 1a) . Survival of subinhibitory ampicillin exposure by log-phase E. coli was unaffected in mutants lacking the HsdM, YhdJ or Dcm MTase. However, bacteria deficient in DNA adenine methyltransferase (Dam) were highly susceptible to this low drug dose ( Fig. 1b and Supplementary Fig. 1a,b) . Increased ampicillin susceptibility in dam-deficient E. coli was also reflected in a reduced minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) (Supplementary Fig. 1c ). Complementation with a plasmid expressing dam but not gfp restored wild-type survival levels in ∆dam E. coli ( Fig. 1c and Supplementary  Fig. 2a,b) . Because Dam might also behave as a transcriptional repressor independently of its DNA methyltransferase function 37 , we tested the ability of plasmids expressing previously characterized methylation-incompetent Dam variants 38 (Supplementary Fig. 2a ) to rescue ampicillin hypersensitivity in ∆dam E. coli. Consistent with a role for GATC methylation, mutant Dam expression minimally altered the ampicillin hypersensitivity of ∆dam E. coli, if at all (Supplementary Fig. 2b,c) . Finally, we sought to determine whether ∆dam E. coli hypersensitivity extended to drugs other than ampicillin. Subinhibitory treatment with aztreonam, meropenem and cephalexin, other β-lactams commonly used in the clinic, was also significantly potentiated in the absence of dam (Fig. 1d) . Together, these results A role for the bacterial GATC methylome in antibiotic stress survival l e t t e r s suggest that Dam-dependent methylation is important for bacterial survival during β-lactam stress.
Dam methylates GATC sites throughout the genome of organisms belonging to multiple orders of γ-proteobacteria, including the clinically relevant genera Escherichia, Salmonella, Yersinia and Vibrio 24 . To explore the behavior of the Dam methylome in the context of antibiotic pressure, we extracted genomic DNA from E. coli growing in the presence or absence of ampicillin stress and analyzed genome-wide GATC methylation over time using single-molecule real-time (SMRT) sequencing. With SMRT technology, epigenetic modifications on template DNA strands are inferred through the unique kinetic signature they engender during sequencing 35, 39 , and the fraction of DNA molecules methylated at each GATC site (frac) is estimated (Fig. 2a) . In all samples, consistent with the processive kinetics of Dam 40 , the majority of GATC sites were detected as methylated in a high fraction of the DNA molecules sequenced (0.97 ± 0.05 on average) ( Fig. 2b and Supplementary Data Set 1). Notably, during the log-to-stationary phase transition, we identified 19 GATC sites that appeared to be transiently or stably unmethylated or hemimethylated (Fig. 2c,d , Supplementary Tables 1 and 2, and Supplementary Data Set 1). Transiently unmethylated sites typically became steadily more or less methylated over time, following clear temporal patterns (Fig. 2c,d) . Because prokaryotes lack demethylases, unmethylated GATC sequences exist mainly where DNA-binding proteins sterically hinder Dam activity immediately following DNA replication 24 . Consistent with this notion, 18 of these 19 sites fell within intergenic regions, mostly overlapping with or closely neighboring footprints of transcription factors (Supplementary Table 1 ). To our knowledge, only five of these sites have previously been reported as protected 24, [41] [42] [43] [44] .
Remarkably, the GATC methylome and its kinetics were largely unaltered by ampicillin stress. The genome-wide distribution of the fraction of methylated bases was similar in treated and untreated cells over time, indicating that global methylation levels were not increased or decreased by drug exposure (Fig. 2b) . Furthermore, methylation at the vast majority of GATC sites, including those displaying dynamic methylation patterns, remained unchanged by treatment (Fig. 2d, Supplementary Table 2 and Supplementary Data Set 1).
Comparison of treated and untreated samples at each time point identified only one GATC site (site 19) displaying statistically significant differential methylation, which occurred at a single time point and only on one strand ( Supplementary Fig. 3 and Supplementary Table 2 ). This event's biological consequences are unclear, however, as expression of the surrounding gene (gdhA) was unperturbed by ampicillin treatment (data not shown). Thus, ampicillin stress does not majorly alter the E. coli Dam methylome.
Given the remarkable stability of adenine methylation during antibiotic exposure and the contrasting drug-sensitive phenotype of dam deletion mutants, we reasoned that the GATC methylome must provide structural rather than regulatory support for bacterial survival during antibiotic stress. Widespread genomic Dam methylation enables cellular processes requiring discrimination between the fully methylated parental DNA strand and the newly synthesized DNA strand whose GATC sites are not yet modified 45 . Specifically, transient hemimethylation at replication forks orients the MMR system, guiding replacement of mismatched bases to nascent DNA strands only 46 . Notably, without GATC methylation, the methyl-dependent endonuclease MutH can introduce double-strand breaks (DSBs) near mismatches targeted for repair [47] [48] [49] [50] [51] . Mismatches are rare in log-phase E. coli 52 (<1 per replication cycle), but, under conditions of stress, their frequency can increase, in part, through induction of the error-prone polymerase Pol IV (encoded by dinB) [53] [54] [55] . We thus hypothesized that potentiation of β-lactam killing in the absence of Dam was a result of drug-induced mutagenesis fueling a genotoxic MMR pathway.
To test this hypothesis, we assessed the effect of deleting dinB, mutH or the mismatch-binding component of the MMR complex, mutS, on antibiotic hypersensitivity in ∆dam bacteria. Strikingly, without the mutagenic polymerase Pol IV, ∆dam E. coli survival of ampicillin stress returned to wild-type levels ( Fig. 3a and Supplementary Fig. 4a) . Similarly, removal of mutS or mutH on the ∆dam background also abrogated ampicillin hypersensitivity ( Fig. 3b and Supplementary  Fig. 4b ). In ∆mutH ∆dam bacteria, optical density (OD) was somewhat diminished in ampicillin (Supplementary Fig. 4b ), but this did not reflect decreased viability during treatment (Fig. 3b) . Further consistent with our hypothesis, we found that ∆dam but not ∆dinB ∆dam or ∆mutH ∆dam bacteria developed significantly more DNA damage than wild-type cells during ampicillin treatment, as assessed by terminal deoxynucleotidyl transferase (TdT) nick end-labeling (TUNEL) 56 ( Fig. 3c,d) . Thus, without the GATC methylome, β-lactam-elicited Pol IV introduces mismatches that are converted into lethal DNA strand breaks by a deleterious MMR system (Fig. 3e) .
The finding that genomic GATC methylation supports survival of β-lactam stress in E. coli evokes the possibility of targeting Dam of n = 3 independent experiments: NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
npg l e t t e r s to therapeutically potentiate antibiotic drug activity. Dam is an attractive target, as it lacks mammalian homologs but is conserved in several enteric pathogens [57] [58] [59] . Furthermore, because multiple drugs can induce mutagenic responses in bacteria 9, 12, 55, [60] [61] [62] , treatment with antibiotics other than β-lactams should also be potentiated in the absence of GATC methylation. Indeed, survival of dam-deficient E. coli in the presence of subinhibitory doses of the quinolones norfloxacin, ofloxacin and ciprofloxacin was severely compromised in comparison to wild-type bacteria (Fig. 4a) . As seen with ampicillin, hypersensitivity to ofloxacin could be abrogated by deleting dinB, mutH or mutS in ∆dam E. coli ( Supplementary  Fig. 5a,b) . Consequently, drug potentiation in the absence of GATC methylation occurs via a similar mechanism across different antibiotic classes and may be broadly exploitable. Next, we sought to determine whether virulent clinical isolates could also be sensitized to treatment by the removal of Dam. As in E. coli K12, dam deletion in uropathogenic E. coli (UPEC) strain UTI89 (ref. 63 ) substantially increased sensitivity to ciprofloxacin (Fig. 4b) . Ciprofloxacin is a valuable drug for UPEC treatment, but its use is increasingly restricted by the spread of quinolone resistance 64 . To assess whether targeting Dam might allow resensitization of resistant strains, we deleted dam in a highly ciprofloxacinresistant (Cipro R ) clinical UPEC isolate bearing multiple common quinolone resistance-conferring mutations (Supplementary Table 3) . Remarkably, although dam deletion did not restore full sensitivity to this isolate, the ciprofloxacin MIC for the Cipro R UPEC was reduced by over half and its MBC 90 value was reduced by 4.6-fold (Fig. 4c) . Thus, removing GATC methylation can potentiate antibiotic lethality in both drug-sensitive and drug-resistant pathogenic organisms.
Together, our results define an important structural role for the bacterial epigenome in antibiotic stress survival. Characterization of the adenine methylome demonstrated highly stable global GATC methylation levels during log-to-stationary phase transition and subinhibitory β-lactam stress, and, although we identified several previously uncharacterized GATC sites with variable methylation over time, antibiotic stress did not significantly alter these patterns.
Despite the remarkable stability of the GATC methylome, E. coli lacking Dam are hypersensitive to antibiotic stress. Deletion of E. coli dcm or Neisseria meningitidis Mod11A (an adenine MTase) was also reported to alter bacterial sensitivity to toxic compounds, but increased resistance rather than hypersensitivity was observed and attributed to altered gene expression 36, 65 . Although we cannot exclude additional involvement of transcriptional dysregulation, our data suggest that the GATC methylome represents an important backbone structure enabling DNA repair processes to function in the context of β-lactam and quinolone stress. Specifically, GATC methylation likely supports antibiotic-elicited mutagenesis dependent on Pol IV, npg l e t t e r s an error-prone polymerase induced transcriptionally or posttranslationally in the presence of several antibiotics [53] [54] [55] . In the absence of GATC methylation, MMR machinery can convert postreplicative mismatches to DSBs 47 , which accumulate to toxic levels in mutagenizing drug-exposed dam-deficient bacteria. In ∆dam E. coli, the DNA damage response program (SOS) is constitutively subinduced 66 . dinB is within the SOS regulon 67, 68 ; thus, ∆dam E. coli may be primed for rapid Pol IV synthesis, enhancing their sensitivity. In addition, DNA breaks caused by MMR in mutating, drug-exposed ∆dam bacteria likely further promote SOS pathway induction, leading to more Pol IV activity 69 . Consequently, during antibiotic stress, a toxic feedback loop may establish itself (Fig. 3e) . This model is consistent with earlier observations that DNA-damaging agents cause MMR-dependent genotoxicity in ∆dam bacteria 49, 50, 65, 70, 71 ; however, our data further suggest that any initial DNA damage directly caused by antibiotics is not sufficient to kill ∆dam bacteria, as the error-prone Pol IV polymerase is required for hypersensitivity ( Fig. 3a and Supplementary Fig. 5a ). Measuring mutagenesis rates in ∆dam bacteria is challenging (because of MMR toxicity to mutating cells), and we cannot completely exclude a requirement for Pol IV in the introduction of initial DNA damage. This seems unlikely, however, given that similar levels of damage were recorded in wild-type and ∆dinB bacteria during drug treatment (Fig. 3d) . Thus, our data support a model in which antibiotic stress becomes lethal as mutagenic Pol IV activity fuels a genotoxic MMR response in the absence of GATC methylation. Our findings raise the possibility of targeting Dam to enhance the therapeutic activity of existing drugs. Several classes of antibiotics induce mutagenesis at subinhibitory concentrations 9, 12, 55, [60] [61] [62] and may thus be subject to potentiation by this mechanism. Enhancement of drug activity could be harnessed to lower effective therapeutic doses in drug-sensitive infections and may also allow resensitization of resistant organisms. Indeed, our data suggest that targeting Dam methylation can partially reverse ciprofloxacin resistance in UPEC. Wild-type and ∆dam MIC values were 133 µg/ml and 59 µg/ml, respectively, and wild-type and ∆dam MBC 90 values were 316 µg/ml and 68 µg/ml. Dotted lines indicate cutoff values for MIC (OD < 0.1) and MBC 90 (10% survival). MBC 90 values were interpolated using a sigmoidal curve fit model as shown. In a-c, data are shown as means ± s.e.m. of n = 2-3 independent experiments: NS, not significant; ****P < 0.0001.
npg l e t t e r s
More broadly, this observation suggests that mutagenic stress responses can occur and be therapeutically exploited in highly drugresistant pathogenic organisms. In addition to drug potentiation, inhibiting Dam has been proposed as a strategy to weaken bacterial pathogenicity in vivo 25, [72] [73] [74] , as GATC methylation controls virulence gene expression in some organisms. Although elevated rates of mutagenesis and induction of certain prophages 75 in the absence of Dam could complicate a Dam inhibitor-based monotherapy, these drawbacks may be mitigated in the context of combination treatment. In summary, our results suggest that targeting bacterial epigenomic structures that support mutagenic stress responses may be a viable strategy for enhancing antibiotic activity.
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